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Abstract.  After Listeria,  a bacterium, is phagocytosed 
by a macrophage,  it dissolves the phagosomal mem- 
brane and enters the cytoplasm. The Listeria  then nu- 
cleates actin filaments from its surface. These newly 
assembled actin filaments show unidirectional polarity 
with their barbed ends associated with the surface of 
the Listeria.  Using actin concentrations below the 
pointed end critical concentration we find that filament 
elongation must be occurring by monomers adding to 
the barbed ends, the ends associated with the Listerial 
surface. If Listeria  with tails are incubated in G  actin 
under polymerizing conditions, the Listeria  is translo- 
cated away from its preformed tail by the elongation of 
filaments attached to the Listeria.  This experiment and 
others tell us that in vivo filament assembly must be 
tightly coupled to filament capping and cross-bridging 
so that if one process outstrips another,  chaos ensues. 
We also show that the actin filaments in the tail are 
capped on their pointed ends which inhibits further 
elongation and/or disassembly in vitro. From these re- 
suits we suggest a simple picture of how Listeria  com- 
petes effectively for host cell actin.  When Listeria  se- 
cretes a nucleator, the host's actin subunits polymerize 
into a filament.  Host cell machinery terminate the as- 
sembly leaving a short filament. Listeria  overcomes 
the host control by nucleating new filaments and thus 
many short filaments assemble. The newest filaments 
push existing ones into a growing tail.  Thus the com- 
petition is between nucleation of filaments caused by 
Listeria  and the filament terminators  produced by 
the host. 
THOUGH actin  is a  major constituent of most cells, 
how the length, polarity,  and distribution  of individ- 
ual filaments that comprise the cytoskeleton are reg- 
ulated remains poorly understood. Obviously actin-associ- 
ated proteins must be involved, but to decide what role each 
of the 40 or so actin binding  proteins thought to be present 
in most cells plays is a difficult task, particularly  as several 
may work in concert. The problem becomes even more be- 
wildering because something must orchestrate these proteins 
so that they in turn can control the position,  length,  and po- 
larity of the filaments.  Even worse the cell is not static, but 
changes its form depending on the cell cycle, external  stim- 
uli, etc. 
To try to determine how the cytoskeleton forms and is 
regulated, we have turned to a simplified system. Our choice 
is  the  bacterial  pathogen,  Listeria monocytogenes. This 
pathogen invades macrophages and other mammalian cells 
and nucleates actin filament assembly from its surface (Til- 
hey et al., 1990). Being a definable unit, one can concentrate 
on what it does and how it does it, ignoring the greater com- 
plexity of the host cell. 
In this paper we define the polarity of the filaments  nu- 
cleated  from  the  surface of Listeria and  show  that  actin 
monomers add to the end of the filament  (barbed end) as- 
sociated with the surface of  Listeria. We then show that actin 
assembly is coupled to actin  filament  capping  and cross- 
bridging resulting in the construction of a cross-linked actin- 
based tail. 
Materials and Methods 
Bacterial Strains and Growth Conditions 
Listeria monocytogenes  strain 10403S  (Bishop and Hinrichs,  1987) and 
mutant DP-LI054 (Sun et al.,  1990) were used in this study. Mutant DP- 
L1054 is a transposon mutant containing a Tng17 insertion within a gene 
encoding phosphatidylinositol specific gene for phospholipase C (Camilli 
et al.,  1991). 
Tissue Culture and Growth Medium 
These methods are presented in the accompanying paper in this issue (Td- 
hey et al.,  1992), 
Cytochalasin and Chloramphenicol 
Cytochalasin D (Sigma Chemical Co., St. Louis, MO) was dissolved  in 
DMSO and applied to infected macrophages at a final concentration of 0.5 
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of  20 ~g/ml (Tiln~ et al., 1990). 
Detergent Extraction, Addition of  Actin, and 
Decoration with Subfragment I of  Myosin 
To examine the polarity and/or elongation of actin filaments polymerized 
on the surface  of  Listeria we infected  macrophages with either  wild-type 
l~teria or  the  mutant for 30 rain,  then  washed 3 times,  and I h aftex  the 
beginning  of  infection  added  cytuchalasin  D for  an  additional  3  h.  The  mac- 
rophages were then  detergent  extracted  for 20 rain  at 4~  in I% Triton 
X-100 containing  3 mM  MgCI~ and 50 mM  phosphate buffer  at pH 6.8. 
The Triton  solution  was decanted and a solution  was added containing  re- 
cently  cantrifuged  G actin  in 50 mM  phosphate buffer  at pH 6.8, I mM 
MgCI2, and 60 mM  KCI. In  later  e.xperiments,  to  determine to  which end 
monomers were added, we added to detergent extracted, infected cells G 
actin (at a concentration below the pointed end critical) in a solution consist- 
ing of 20 mM Tris, 60 mM KCI, 1 mid MgCI2 at pH 7.5, rather than phos- 
phate because phosphate lowers the pointed end critical concentration. The 
plate was placed on a rocker table at room temperature for 20 min. The solu- 
tion was then decanted and the plate washed with buffer containing MgCl2 
and KC1 and then incubated in 5 mg/ml subfragment 1 of myosin (S1) in 
0.1 M phosphate buffer at pH 6.8 for l0 rain at room temperature and then 
20 min at 4~  After decoration with S1 the petri plates were washed and 
fixative was added. 
We also examined  the polarity of  the actin filaments from the mutant DP- 
L1054 that had been grown in macrophages for 4 h. The infected macro- 
phages 4 h after the beginning of  infection were extracted in a solution  con- 
raining 1% Triton X-100 in 3 mM MgC12, 50 mM phosphate buffer at pH 
6.8 for 20 rain at 4~  The plate was then incubated in Sl as outlined above. 
G actin was obtained by extracting acetone powders of rabbit skeletal 
muscle by the method  of  Spudich and Watt  (1971) and gel filtering it (Weber 
et al., 1987). The actin was stored in aliquots in liquid nitrogen until needed 
at a concentration  of  7 mg/ml. The morning  before  experimentation the ac- 
tin solution was thawed and centrifuged  at 120,000  g for 2 h to remove  any 
small aggregates  of  F-actin oligomers  that had spontaneously  formed  during 
freezing that would act as nuclei and induce polymerization. This centrifu- 
gation technique gives the same results as gel filtering the actin solution  just 
before use and is much  more rapid. Only the top half of  the centrifuged  actin 
solution was used and it was pipetted out carefully. 
To determine if  the filaments comprising the tail of  Listeria  were  capped, 
infected macropbages  were washed with Triton, incubated in G actin under 
polymerizing conditions, decorated with S1, and then fixed, all as outlined 
above. 
To test whether Listeria grown in liquid media nucleate actin assembly, 
we grew wild-type Listeria in suspension at 37~  in 10 ml LB broth in a 
50-ml conical tube.  The Listeria were then carefully pipetted on grids 
coated with formvar with a light carbon coat for 2 min. The excess fluid 
was removed with a small piece of filter paper and a drop of fluid added 
which contained 5 t~M G-acfin, I mM MgC12, 60 mM KC1, and 50 mM 
phosphate buffer at pH 6.8. After 15 min incubation in this medium, the 
grids were negatively stained with 1% uranyl acetate. To be sure that the 
monomeric actin was polymerizable and displayed the pointed and barbed 
end critical concentrations expected based on their protein concentrations, 
we added to the monomeric actin L/mulus acrosomes which act as nuclei 
to induce polymerization of actin (Coluccio and Tilney, 1984).  These acro- 
somes polymerized actin filaments off their ends as would be expected. 
Electron Microscopy 
Methods are as described in the accompanying paper (Tilney et al., 1992). 
Results 
Actin Filament Assembly Takes Place  from 
the Surface of  Listeria Growing In Vitro 
When, by mistake, Listeria were grown in broth which was 
not shaken and not aerated and then incubated in gel filtered 
G-actin under polymerizing conditions, some actin filaments 
1. Abbreviation used in this paper:  S1, subfragment I  of myosin. 
were now found extending  from the Listeria (Fig.  1).  The 
number of  actin filaments extending from Listeria was small, 
never exceeding a  dozen. 
The Polarity of the Actin Filaments that are 
Nucleated  from the Surface of  Listeria 
Shortly after the Listeria have entered the cytoplasm of the 
macrophage by dissolving  the  vacuolar membrane  of the 
phagosome, the Listeria coats itself with numerous short ac- 
tin filaments (Tilney and Portnoy,  1989).  In fact, there are 
so many filaments in this coat that the polarity of individual 
filaments  cannot be  determined.  Furthermore,  if infected 
macrophages  are  treated  with  cytochalasin and  then  after 
2  1/2 h detergent extracted and incubated in 3 ~M G  actin 
in vitro under polymerizing conditions,  so many filaments 
assemble from the surface of Listeria that again we cannot 
determine the filament polarity (Tilney et al.,  1990). 
There are two ways to reduce the number of filaments as- 
sembled from Listeria.  One is to induce polymerization in 
vitro using very low concentrations of actin, concentrations 
of 1/zM or less (see Fig.  3), the other is to use a mutant in 
which the number of filaments assembled from Listeria is 
drastically reduced (Fig.  2). 
Mutant DP-L1054 is a mutant in which a gene coding for 
phosphatidylinositol-specific  phospholipase  C  (Camilli  et 
al., 1991) is interrupted. This ultimately results in the assem- 
bly of only a few actin filaments on the surface. The reason 
behind this will be the subject of a  subsequent publication 
(Camilli, A., L. G. Tilney, and D. A. Portnoy, unpublished 
observations). Macrophages were infected with this mutant 
and after 3 h were detergent extracted and the actin filaments 
decorated  with  S1.  In all  cases  the  filaments  attached  to 
Listeria  display  unidirectional  polarity  with  the  ~arrow- 
heads" pointing  away from the Listeria  surface  (data  not 
shown).  The  barbed  ends  are  always  associated  with  the 
Listeria surface. 
We also determined the polarity of the actin filaments as- 
sembled from the Listeria  in vitro.  Macrophages were in- 
fected  with  wild  type  and/or  the  mutant,  then  after  1  h 
cytochalasin D was added to prevent further assembly. After 
3 h had elapsed in cytochalasin D, the cells were detergent 
extracted to remove endogenous actin and exogenous G actin 
was added under polymerizing conditions.  The  newly as- 
sembled  actin filaments  were subsequently  decorated with 
S1 before fixation (Figs. 2 and 3). Again the filaments assem- 
bled from Listeria have unidirectional polarity with the "ar- 
rowheads" pointing  away from the Listeria.  We  examined 
many hundreds of micrographs and  scored only those that 
are physically connected to the Listeria. Over 95 % show an 
identical polarity. 
To Which End of the Filament Do Monomers Add? 
Although filaments assemble from the surface of the bacte- 
rium with their barbed ends associated with the bacterium, 
elongation of the  filament  could occur by the  addition  of 
subunits  to either the barbed or pointed end or both. Two 
different experiments were carried out; both of  these are con- 
sistent with addition of monomers exclusively to the barbed 
ends of the filaments,  the ends associated with the surface 
of Listeria. The first experiment is included in this subhead- 
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been incubated in monomeric 
actin under polymerizing con- 
ditions, then negative stained. 
Extending  perpendicularly  from 
the surface of this bacterium 
are a few actin filaments (ar- 
rows)  and  a  flagellum (F). 
Bar, t  /~m. 
ing. The second is presented in the last section of Results. 
The critical concentration for assembly of actin in vitro is 
different on each end, 0.1/~M for the barbed end, 0.7-0.9/zM 
for the pointed end (Bonder and Mooseker, 1983;  Coluccio 
and Tilney, 1984; Pollard, 1986). What was done was to treat 
infected macrophages with cytochalasin for 3 h, then extract 
them with detergent and add 0.5/xM actin, a concentration 
below the pointed end critical but above the barbed end criti- 
cal, under polymerizing conditions in Tris buffer containing 
MgC12 and KCI.  What we observed was that assembly of 
filaments occurred off the Listeria  surface. Thus the mono- 
mers must be adding to the barbed or high affinity end, the 
end in contact with the surface of the Listeria. 
Listerial Protein Synthesis is Required 
for the Elongation of a Tail 
We infected rnacrophages with Listeria and then incubated 
the macrophages for 3 h  in cytochalasin. Under these cir- 
cumstances nucleating material accumulates on the surface 
of  Listeria,  but assembly cannot occur (Tilney et al., 1990). 
We  then  washed  the  cells  and  returned  them  to  culture 
medium containing chloramphenicol, a potent inhibitor of 
bacterial, but not host, protein synthesis, for 3 h before fixa- 
tion. In this way we could study the assembly of actin on 
Listeria during the cytochalasin treatment. When we exam- 
ined our infected macrophages we found some Listeria with 
actin filaments coating their entire surfaces and some with 
very short tails resulting from filaments polymerized from 
the  finely  fibrillar  material  secreted  during  cytochalasin 
treatment, but no Listeria with long tails. The fact that long 
tails were not found indicates that even though the amor- 
phous material nucleates actin filament assembly, it is not in- 
corporated to form into a normal appearing tail.  As a con- 
trol, infected cells were incubated in cytochalasin D, then 
washed to remove the cytochalasin and allowed to recover 
in media without chloramphenicol for 3  h  and then fixed. 
Tilney et al. Actin Filament Nucleation by Listeria  85 Figure 2. Mutant Listeria DP-L1054 was phagocytosed by a macrophage and I h later cytochalasin D was added. 3 h later the macrophage 
was detergent extracted and then incubated in 3/zM G actin under polymerizing conditions for 20 rain, then washed and the newly polymer- 
ized filaments decorated with $1. The arrows indicate the polarity of the filaments that polymerized from the surface of the Listeria. Note 
that their barbed ends are nearest the Listeria. Bar, 0.1 #m 
Fig. 4 documents the length of  the tails seen in infected mac- 
rophages fixed after 3 h in cytochalasin (Fig. 4 a), after cyto- 
chalasin and then chloramphenicol (Fig. 4 b), and after cyto- 
chalasin and recovery in media (Fig. 4 c). The "tails" present 
on Listeria fixed after 3 h in cytochalasin (Fig. 4 a) represent 
only an aggregation of the "finely  fibrillar material." No actin 
filaments are present (Tiiney et al., 1990). The tails in Fig. 
4 b represent both the finely fibrillar material and actin fila- 
ments that polymerize from it. The tails are all very short. 
In contrast, if Listerial protein synthesis is allowed, the tails 
become longer (Fig. 4 c), some up to 3 #m in length. The 
mean length of tail (compare the dashed lines in Fig. 4, b 
and c) is clearly longer. 
In  another  group  of experiments,  an  extension of the 
findings reported earlier (Tilney et al.,  1990), we treated 
Listeria with chloramphenicol at varying times after infec- 
tion. What we find is that chloramphenicol seems to "freeze" 
the Listeria at the stage that it is in, it cannot progress to the 
next stage. Thus, if added at 2  1/4 h and examined later, no 
Listeria are seen in pseudopods even though the controls at 
2 1/2 h begin to form pseudopods and by 3 1/2 h pseudopods 
with Listeria  extend from most cells. 
Addition of  Actin Monomers to Listeria with Tails 
Infected macrophages were cultured for 3 h,  a  time when 
many would have long tails.  They were then detergent ex- 
tracted and incubated in 2 ~tM G actin under polymerizing 
conditions, washed, decorated with S1, and fixed. This con- 
centration of actin (2 #M) is 20 times higher than the barbed 
end critical concentration and three times higher than the 
pointed end critical concentration. This experiment should 
The Journal of Cell Biology,  Volume 118, 1992  86 Figure 3. Infected macrophages with wild-type Listeria were treated with cytochalasin D for 3 h, then detergent extracted and incubated 
with 0.5 IzM G actin under polymerizing conditions. The preparation was then washed and newly assembled actin filaments decorated 
with S1. Short filaments extend from the surface of Listeria. All have their barbed ends nearest the surface of Listeria (see arrows). Bar, 
0.1 /~m. 
give us information as to which filaments are capped and 
which end of the filament is capped. The results of this ex- 
periment were unexpected. The Listeria, which is normally 
situated at one pole of the tail, is translocated forward away 
from the tail proper by the assembly of a number of long, 
parallel actin filaments (Figs. 5 and 6). 
As demonstrated in the accompanying paper,  short actin 
filaments  extend  from  the  lateral  and  distal  surfaces  of 
Listeria, but not from the anterior end, the end formed dur- 
ing the preceding division. It is as if the Listeria sits in a 
goblet composed of numerous cross-bridged actin filaments. 
Thus, when rnacrophages containing Listeria with long tails 
are detergent extracted and G actin added under polymeriz- 
ing conditions, assembly of monomers occurs on the end of 
the filaments that were in the process of  elongation before de- 
tergent extraction. Thus, actin filaments explosively assem- 
ble on the barbed ends which are associated with the surface 
of  the  Listeria.  The  net  result  is  that  the  Listeria  are 
propelled forward out of the goblet. In this case one would 
predict that the long filaments extending from the translo- 
cated Listeria down towards the goblet would have unidirec- 
tional polarity with their barbed ends nearest the bacterium. 
This is what is observed in every case (Fig. 6). 
In essence what this experiment has shown us is that under 
these conditions where we add to a Listeria that is in the pro- 
cess of elongating its tail, a large excess of  monomeric actin, 
actin assembly outstrips controls of actin filament length and 
cross-bridging  leading  to  the  rapid  translocation  of the 
Listeria away from the tail. 
Additional Evidence That the Actin Filaments Making 
up the Tail Are All Short. In an earlier publication (Tilney 
and Portnoy, 1989) and in the accompanying paper (Tilney 
et al.,  1992) we concluded that the filaments in the tail are 
all short, less than 0.3 #m. The possibility remains, however, 
that the filaments may spiral around the tail and thus in any 
thin section, no matter what the orientation is, only short 
filaments would be seen. This seems unlikely because if the 
filaments in the tail are decorated with SI, one sees in longi- 
tudinal sections what looks like filament ends at the margins 
of the tail (see Fig. 8 in the accompanying paper).  If they 
were to spiral around the tail, these filaments would have to 
bend sharply. We can eliminate such an unlikely possibility 
with the following  observation. When macrophages contain- 
ing Listeria with long tails are detergent extracted and then 
incubated in G  actin under polymerizing conditions, fila- 
ments elongate as mentioned in the preceding section, but 
also filaments in the tail elongate. Overall, the tail no longer 
presents a smooth outline, but instead filaments project out 
from the tail (Figs. 5 and 7). This could not occur if the fila- 
ments in the tail were spirally arranged as the only ends of 
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Figure 4. Bar graphs depicting the tail length of IAsteria in the mac- 
rophage cytoplasm.  (a) 3 h in cytochalasin D before fixation. The 
dotted line indicates the mean tail length. (b) After 3 h in cytocha- 
lasin D, the infected macrophages were incubated in chlorampheni- 
the filaments would be at the tip of the tail. These observa- 
tions confirm our earlier speculations that the filaments mak- 
ing up the tail are all  short,  seldom exceeding 0.2  /~m in 
length. 
The Actin Filaments  in the Tail Are Capped on  Their 
Pointed Ends.  Careful examination of the polarity of those 
filaments that project out from the tail reveals an additional 
fact, namely, that the portion of the filament that extends 
from the tail proper into the medium after being incubated 
in monomeric actin under polymerizing conditions has the 
barbed end located out in the medium. We almost never find 
filaments connected to the tail that have opposite polarity. To 
be more quantitative, we examined thin sections of 14 differ- 
ent tails and in those we were able to determine the polarity 
of 178 of the filaments that extend out perpendicular to the 
long axis of the tail.  176 of these had the barbed end out in 
the medium with the pointed end inserted into the tail. Only 
two had a different polarity. This result is surprising because 
in the accompanying paper we demonstrated that the fila- 
ments in the tail have their pointed ends located at the mar- 
gins  of the tail  so one would have predicted pointed end 
growth with high concentrations of exogenous actin.  What 
this observation means is that there must be a pointed end 
capper. 
Additional Evidence That Monomers Add to the Barbed 
Ends of the Filaments.  Since there is a pointed end capper, 
yet the filaments associated with the surface of Listeria elon- 
gate when incubated in 2/~M actin under polymerizing con- 
ditions,  addition  of monomers must be occurring  on  the 
barbed end of the filament or that end associated with the 
surface of Listeria. A similar conclusion was obtained by in- 
cubating Listeria that had been in the cytoplasm of a macro- 
phage with a concentration of actin below the pointed end 
critical concentration  (see above). 
Discussion 
Nucleation of  Actin l~laments  from 
the Surface of  Listeria 
We demonstrated that the actin filaments that extend from 
the surface of a wild-type or mutant Listeria after decoration 
with S1 of myosin display unidirectional polarity with their 
barbed ends invariably associated with the bacterium.  We 
also showed in two ways that the actin monomers add to the 
barbed ends of these filaments or the end nearest the bacte- 
rium. The first was by using concentrations of monomer be- 
low the pointed end critical concentration.  Since filaments 
form, they must do so by adding to the barbed end. The sec- 
ond way was by adding monomers to Listeria with tails. In 
this case the filaments associated with the surface of Listeria 
elongated even though all the filaments are capped on their 
pointed ends. Thus both nucleation of actin assembly and ad- 
col, an inhibitor of bacterial protein synthesis. The mean length in- 
crease is due to the assembly of actin filaments from nucleator that 
was secreted before chloramphenicol was added. There are now a 
number of Listeria with tails of 1 ~m or more. (c) After 3 h in cyto- 
chalasin D the infected macrophages were placed in media for 3 h 
before fixation. The mean length has increased and a number of  L/s- 
teria have long tails. 
The Journal of Cell Biology, Volume  118, 1992  88 Figure 5. Macrophages were infected with Listeria. After 3 h they were detergent extracted and incubated in 2/zM monomeric actin under 
polymerizing conditions.  Subsequent to washing, the actin filaments were decorated  with $1.  In both of these sections the Listeria are 
translocated forward away from their tails by the assembly of actin filaments that polymerize from the surface of the bacteria.  The boxed 
region on a  is shown at higher magnification in Fig. 7; that on b,  in Fig. 6. Bars,  1 /~m. 
dition  of monomers  must be  occurring  at  the  surface of 
Listeria. 
Since the filaments that are nucleated from Listeria often 
extend perpendicularly from the surface (see data here, data 
in the accompanying paper, and in Tilney et al.,  t990),  it 
seems reasonable to conclude that the nucleator is probably 
not like ponticulin, a nucleator isolated from Dictyostelium 
by Shariff and Luna (1990), because ponticulin binds to the 
lateral surfaces of the actin subunits allowing monomer addi- 
tion to either end. Thus if the Listeria nucleator is like pon- 
ticulin the actin filaments should connect to the Listeria at 
a grazing angle, not at 90 ~ What remains unsubstantiated is 
how firmly attached the filaments are to Listeria and what 
molecule or molecules are nucleating assembly. 
In an earlier publication (Tilney et al., 1990) we presented 
evidence that the Listeria synthesizes and secretes on its sur- 
face an actin filament nucleator.  At that time we could not 
prove this point as one might argue that what the Listeria is 
actually doing is synthesizing a "glue" that attracts a nuclea- 
tor from the host cytoplasm. In this publication we present 
more evidence that the Listeria is secreting a nucleator ofac- 
tin filament assembly. When Listeria that are not aerated and 
shaken are incubated in monomeric actin under polymeriz- 
ing conditions,  a  few filaments assemble from its surface, 
e.g., about a dozen (Fig.  1). Since these Listeria were never 
in the cytoplasm of a host cell, the assembled filaments must 
have been nucleated from the surface of the bacterium. Both 
reviewers of this manuscript were concerned that only a few 
filaments are nucleated from Listeria in vitro. It is possible 
that there might be another explanation for these few fila- 
ments, e.g., some  junk that stuck to the bacterium that nucle- 
ates  actin  assembly.  Although  this  explanation  remains  a 
possibility, aerated bacteria never nucleate actin assembly 
(see  Tilney  et al.,  1990),  so there  is  something  different 
about unshaken and unaerated bacteria. We have not yet iso- 
lated a  nucleator. 
Evidence  for a Pointed Capper 
We reported an experiment in which Listeria with a tail was 
incubated with monomeric actin under polymerizing condi- 
tions at a  concentration three times above the pointed end 
critical concentration. The pointed ends of the filaments did 
not elongate, but the barbed ends did. This was a surprising 
result because at the periphery of the tail, the pointed ends 
are more common than barbed ends (data is presented in the 
accompanying paper). It is true that the barbed end of an ac- 
tin  filament,  by  being  the  preferred  end  for  addition  of 
monomers, will have longer filaments extending from them 
at any concentration of monomeric actin (Coluccio and Til- 
ney, 1984), but in this case we see no pointed end elongation 
(2 cases out of 178),  even though this is the most available 
end. This has to mean that the pointed end is capped. The 
fact that there must be a  pointed end capper in the tail of 
Listeria is interesting as there are no identified pointed end 
cappers in nonmuscle cells although one suspects that there 
must be one associated with thin filaments of skeletal mus- 
cle. At one time acumentin (Southwick and Hartwig,  1982) 
appeared to be an interesting candidate  for a  pointed end 
capper, but it now must be classified not as a pointed end cap- 
per, but as a  barbed end capper (Southwick,  E  S.  and A. 
Weber,  unpublished  observations).  For  completeness  we 
should mention (Tilney and DeRosier, unpublished data) that 
both a  pointed and barbed end capper are present and at- 
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lea of  birds so that, in fact, we know that such a capper exists, 
but what it is remains to be determined. 
Tropomyosin cannot be the pointed end capper.  While 
muscle tropomyosin reduces the  rate of depolymerization 
from the pointed ends of purified actin filaments that are 
capped on the barbed ends by villin (Broschat et al.,  1989), 
it does not prevent addition of monomers to the pointed end. 
We have shown that the pointed ends of the actin filaments 
in the tail are not available for subunit addition by exogenous 
actin. This was the same experiment that was carried out on 
the chick cochlea. 
Actin Filament  Nucleation, Cross-bridging, and Control 
of  Filament Length Are Tightly Coupled 
We presented two sets of experiments from which we con- 
clude that actin filament nucleation and elongation must be 
tightly coupled. The first was to treat infected macrophages 
with cytochalasin for 3  h,  then wash out the cytochalasin 
with  chloramphenlcol present to  inhibit bacterial protein 
synthesis.  Polymerization occurred only  from  nucleating 
material  secreted during  the treatment with cytochalasin, 
but true tails  did not form.  Thus a  true tail will not just 
spring out from a pile of components, but must form in se- 
quential stages. The second experiment was more direct. In 
that experiment detergent extracted macrophages containing 
Listeria with tails were incubated in exogenous G actin un- 
der  polymerizing  conditions.  What  happens  is  that  the 
Listeria is translocated forward away from its tail by the as- 
sembly of long filaments. The newly assembled filaments are 
many times longer than the filaments making up the tail, par- 
allel in orientation, unlike those in the tail, and unidirection- 
ally  polarized  with  their  barbed  ends  near  the  Listeria. 
These observations are consistent with the interpretation that 
actin assembly is occurring on those filaments in the Listeria 
tail that were in the process of  elongating before the detergent 
extraction and incubation in a large excess of G actin. They 
continue to elongate but their growth is uncontrolled, e.g., 
cappers are not present and further cross-bridging is not oc- 
curring. If this were to occur in vivo so that one process out- 
strips another, chaos would ensue.  From these experiments 
we conclude that  nucleation,  capping,  and  cross-bridging 
must be coupled to achieve controlled growth such as occurs 
when Listeria is growing its tail in vivo. 
How Does Listeria Circumvent the Host Cell Controls 
to Build Its Own Cytoskeleton? 
The host cell usually has a substantial store of unpolymer- 
ized actin; for example, in a fibroblast the concentration of 
actin is •100/zM  (Bray and Thomas, 1975).  What percent- 
age of this is monomeric and what percentage of that is poly- 
merizable is not known, but it cannot be high or the actin 
would spontaneously polymerize if not tightly regulated by 
the host. Thus the host must be suppressing extraneous actin 
Figure 6.  Higher magnification of the boxed region of the tail in 
Fig. 5 b. Of interest is that the actin filaments responsible for trans- 
locating the Listeria (L) anteriorly are unidirectionally polarized 
with their barbed ends nearest the I_2steria. The polarity of some 
of the filaments is indicated by the arrows. Bar, 0.1 /xm. 
The Journal of Cell Biology,  Volume 118, 1992  90 Figure 7. Higher magnification of the boxed region of the tail in Fig. 5 a. Newly assembled filaments extend from the tail proper. Their 
polarity  is indicated on the light print on the right. Bar, 0.1 /~m. 
filament nucleation and growth. The Listeria, on the other 
hand, are trying to produce a cytoskeleton and are therefore 
competing with the host for the monomeric actin. We pro- 
pose the following: the bacterium generates sites of nucleation 
which initiate actin filament polymerization. The host cell 
stops the elongation of  the filaments, e.g., by using barbed end 
cappers. At this point the bacterium would be "out of busi- 
ness,  ~  but it avoids this problem by simply nucleating new fila- 
ments that are ha turn terminated by the host. The result is a 
tail made of many short filaments; a  tail that gradually in- 
creases in length by the nucleation of more filaments (Fig. 8). 
This conclusion is similar to that proposed recently by Theriot 
and Mitchison (1991) for fibroblasts. 
Listeria Is an Excellent Experimental System to 
Isolate and Characterize an Actin Filament Nucleator 
and a Pointed End Capper 
As mentioned in the introduction, investigations on the cyto- 
skeleton of Listeria seem worthwhile as it is a simplified sys- 
tem in which a particle enters the cytoplasm, builds around 
it a  simple,  yet predictable cytoskeleton that  is  used in  a 
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stages  in  the  growth of the 
tail. Actin filaments are nucle- 
ated from the basal and lateral 
surfaces  of a Listeria.  They 
become cross-bridged and fall 
off  the surface. New filaments 
are  then  nucleated  and  the 
process continues. Thus a tail 
composed of short filaments is 
generated. 
prescribed way. It is not like the cytoskeleton of a eucaryotic 
cell which  is  simultaneously involved in many actin-based 
motile functions such as  streaming,  amoeboid movements, 
phagocytosis, cytokinesis, shape changes, etc.  Furthermore, 
we know that at least one of the essential components of the 
Listeria cytoskeleton seems to be produced and secreted by 
the Listeria, a bacterium which has a simplified genome rela- 
tive to the host, a genome that can be explored by mutants, 
many of which already exist. 
Because of the relatively small genome size and the fact 
that Listeria makes a cytoskeleton which potentially can be 
isolated (the tail), we should be able to either biochemically 
or by molecular biological approaches isolate and character- 
ize the nucleator and the pointed end capper. Both of these 
would be important to isolate, particularly as barbed end 
cappers such as villin and gelsolin will nucleate actin assem- 
bly in vitro, although they have not been shown to be in- 
volved in actin filament nucleation in vivo. Likewise no in- 
formation is available on pointed end cappers (acumentin is 
no longer considered a pointed end capper) and,  although 
one must exist in skeletal muscle, little is known about it. 
Thus Listeria seems to be a beautiful system to exploit to get 
chemical and structural information on these two elusive cy- 
toskeletal components, nucleators, and pointed end cappers. 
Unsolved Mysteries 
We have included this chapter here because to ultimately un- 
derstand what actin filaments are doing in the cytoplasm of 
a cell, it is necessary to relate the static images that we see 
in the electron microscope to the behavior of living cells, and 
this behavior to the action of purified proteins in vitro, At 
this moment there are a number of observations that "don't 
jibe:' This does not mean that the observations are faulty, 
only that our understanding is flawed by seeing only a part 
of the picture. We are hoping that by pointing out these dis- 
crepancies investigators in and outside of the field will be 
spurred on to resolve these issues. 
First, we presented data here and in earlier publications 
(Tilney et al.,  1990; Tilney et al.,  1992) that chlorampheni- 
col, an inhibitor of  bacterial, but not host cell protein synthe- 
sis, blocks the elongation of a tail or formation of a pseudo- 
pod with Listeria in it.  If chloramphenicol is applied 2 h 
after infection when a cloud of actin filaments and short tails 
have formed and the infected cells fixed 3 h later, it is as if 
the cytoskeleton is "frozen" in place.  The cloud and short 
tails remain the same length. If the actin filaments in the tail 
are turning over every 33 s as demonstrated by Theriot et al. 
(1992) and if bacterial protein synthesis is inhibited by chlor- 
amphenicol,  continual  bacterial  protein  synthesis  is  not 
necessary for filament nucleation. Therefore, the rate-limit- 
ing step is controlled by the bacterium, not the host. 
Second, we demonstrated that the pointed ends of the actin 
filaments in the tail are capped. If these filaments turn over 
every 33 s, what is the purpose of a pointed end capper? To 
state this another way, the presence of a pointed end capper 
is exactly contrary to what the cell needs if the actin fila- 
ments turn over so rapidly. 
Third, if the Listeria is moving through the cytoplasm at 
up to 1 #m/s by actin assembly, then there must exist at the 
bacterial surface a concentration of polymerizable actin that 
is extraordinary, e.g., 50 #M.  It is almost as if there must 
be enzymes present to facilitate the process. 
Fourth, if the turnover of actin is every 33 s and the move- 
ment of  the bacterium through the cytoplasm is caused by ac- 
tin assembly, one would expect the filaments at the tip of the 
tail to be shorter than those at the base. This is not the case 
as shown in the accompanying paper (Tilney et al.,  1992), 
so one wonders exactly where turnover is occurring and how 
it occurs. 
Fifth, because we can isolate Listeria with tails that are 
stable in vitro, there must exist in the cytoplasm local mecha- 
nisms to depolymerize filaments. 
Sixth, examination of  the tails of Listeria in living host cell 
cytoplasm with fluorescent actin (Dabiri et al.,  1990) or by 
phase contrast (Theriot et al., 1992) or fixed cells examined 
with rhodamine phalloidin (Sanger, J. M., F. S. Southwick, 
and J. W. Sanger. 1990. J.  Cell Biol.  111:390 Abstr.) reveal 
tails that can be up to 40 #m in length. In thin sections exam- 
ined by EM tails longer than 3.1 #m were very rare and none 
longer than 3.5 #m were found. 
Finally,  in  the accompanying manuscript we concluded 
that the age of the surface of Listeria is related to the rate 
of tail formation. Although we have not quantitated this, it 
appears that the density of filaments emanating from the sur- 
face of  Listeria is the same if the Listeria is in the cloud state 
or if it has a  long tail except, of course the  new  surface 
formed during septation.  How are these two observations 
related? Are there, for example, a limited number of"pores" 
in the cell surface for secretion of presumed nucleators or 
does the number of  pores increase and thus the rate of assem- 
bly increases. Since nucleators, cappers, and cross-bridges 
are coupled, how is this related? 
We would particularly like to express our appreciation to Pat Connelly for 
her expertise in EM and to Laura Moorhouse for the drawing.  Special 
thanks go to Dan Portnoy for supplying materials and animated discussions 
and for reading the manuscript. 
This study was supported by National Institutes of Health grants HD 
14474 (L. G. Tilney and M. S. Tilney) GM 26357 (D. J. DeRosier), and 
National Science Foundation grant PCM 8303017. 
Received for publication 9 October 1991  and in revised form 7 February 
1992. 
Bishop, D. K., and D. J.  Hinrichs.  1987.  Adoptive transfer of immunity of 
Listeria monocytogenes: the influence of in vitro stimulation on lymphocyte 
subset requirements. J.  Immunol.  139:2005-2009. 
Bonder, E. M., and M. S. Mooseker. 1983. Direct electron microscopic visual- 
ization of barbed end capping and filament cutting by intestinal microvillar 
95-kdalton protein (villin):  a new actin assembly assay using the Limulus 
acrosomal process. J.  Cell Biol.  96:1097-1107. 
Bray, D., and C. Thomas. 1975. The actin content of fibroblasts.  Biochem. J. 
(Tokyo).  147:221-228. 
The Journal of Cell Biology, Volume 118,  1992  92 Broschat, K., A. Weber, and D. R. Burgess.  1989. Tropomyosin stabilizes the 
pointed end of actin filaments by slowing depolymerization.  Biochemistry. 
28:8531-8536. 
Camilli,  A., H. Goldfine, and D. A. Portnoy.  1991. l_z'steria monocytogenes 
mutants lacking phosphatidylinositol-specific phospholipase C are avirulant. 
J.  Exp.  Med.  173:751-754. 
Coluccio, L. M., and L. G. Tilney.  1984. Phalloidin enhances actin assembly 
by preventing  monomer dissociation.  J.  Cell Biol.  99:529-535. 
Dabiri,  G.  A., J.  M.  Sanger,  D.  A.  Portnoy,  and  F.  S.  Southwick.  1990. 
Listeria monocytogenes moves rapidly through the host-cell cytoplasm by in- 
ducing directional actin assembly. Proc.  Natl.  Acad.  Sci.  USA.  87:6068- 
6072. 
Pollard, T.  D.  1986. Rate constants for the reactions of ATP- and ADP actin 
with the ends of actin filaments. J.  Cell Biol.  103:2747-2754. 
Shariff, A., and E. J. Luna. 1990. Dictyostelium discoideum plasma membranes 
contain an actin-nucleating activity that requires ponticulin, an integral mem- 
brane glycoprotein.  J.  Cell Biol.  110:681-692. 
Southwick, F. S., and J.  H. Hartwig.  1982. Acumentin, a protein in macro- 
phages which caps the "pointed" end of actin filaments. Nature (Lond.).  297: 
303-307. 
Spudich, J.  A., and S, Watt.  1971. The regulation of rabbit skeleton muscle 
contraction.  I.  Biochemical studies of the interaction  of the tropomyosin- 
troponin complex with actin and the proteolytic fragments of  myosin. J. Biol. 
Chem.  246:4866--4871. 
Sun, A. N., A. Camilli, and D. A. Portnoy.  1990. Isolation ofListeria mono- 
cytogenes  small-plaque mutants defective for intracellular growth and cell- 
to-cell spread. Infect.  Immun.  58:3770-3778. 
Theriot,  J.  A., and T. J.  Mitchison.  1991. Actin microfilament dynamics in 
locomoting cells. Nature  (Lond.).  352:126-131. 
Theriot, J. A., T. J. Mitchison, L. G. Tilney, and D. A. Portnoy.  1992. Actin- 
based motility of intracellular Listeria monocytogenes equals the rate of  actin 
polymerization. Nature  (Lond.).  In press. 
Tilney, L. G., and D. A. Portnoy.  1989. Actin filaments and the growth move- 
ment and spread of the intracellular bacterial parasite, Listeria monocyto- 
genes.  J.  Cell  Biol.  109:1597-1608. 
Tilney, L. G., P. S. Connelly, and D. A. Portnoy.  1990. Actin filament nuclea- 
tion by the bacterial pathogen, Listeria monocytogenes.  J.  Cell Biol.  111 : 
2979-2988. 
Tilney, L. G., D. J. DeRosier, and M. S. Tilney.  1992. How Listeria exploits 
host cell actin to form its own cytoskeleton. I. Formation of a tail and how 
that tail might be involved in movement. J.  Cell Biol.  118:71-81. 
Weber, A., J. Northrop,  M. F. Bishop, F. A. Ferrone,  and M. S. Mooseker. 
1987. Nucleation of actin polymerization by villin and elongation at subcriti- 
cal monomer concentration.  Biochemistry.  26:2528-2536. 
Tilney et al. Actin Filament Nucleation  by Listeria  93 